In chronic hepatitis B (CHB), the persistence of hepatitis B surface antigen (HBs Ag) is sometimes associated with antibodies (Ab) to HBs (anti-HBs). To assess the hypothesis of the selection of HBs Ag immune escape variants in CHB patients, the variability of the HBV S gene was determined for patients persistently carrying both HBs Ag and anti-HBs antibodies and patients solely positive for HBs Ag. We selected 14 patients who presented both markers (group I) in several consecutive samples and 12 patients positive for HBs Ag only (group II). The HBs Ag-encoding gene was amplified and cloned, and at least 15 clones per patient were sequenced and analyzed. The number of residue changes within the S protein was 2.7 times more frequent for group I than for group II patients and occurred mostly in the "a" determinant of the major hydrophilic region (MHR), with 9.52 versus 2.43 changes per 100 residues (P ‫؍‬ 0.009), respectively. Ten patients (71%) from group I, but only three (25%) from group II, presented at least two residue changes in the MHR. The most frequent changes in group I patients were located at positions s145, s129, s126, s144, and s123, as described for immune escape variants. In CHB patients, the coexistence of HBs Ag and anti-HBs Ab is associated with an increase of "a" determinant variability, suggesting a selection of HBV immune escape mutants during chronic carriage. The consequences of this selection process with regard to vaccine efficacy, diagnosis, and clinical evolution remain partially unknown.
More than 350 million people, or 5% of the world's population, are chronic carriers of hepatitis B virus (HBV), and this infection represents a worldwide public health problem (21) . Many patients chronically infected with HBV, as defined by the persistence over Ͼ6 months of hepatitis B surface antigen (HBs Ag), will develop life-threatening diseases such as liver cirrhosis and hepatocellular carcinoma. It has been estimated that up to 30% of them will die from the consequences of their infection (20) .
In the natural course of HBV infection, virus clearance likely results from the intimate coordination of both humoral and cellular immune systems. Overall, the antibody-mediated immune response to HBV proteins aims at the clearance of circulating HBV particles, whereas the cellular effectors contribute to eliminating infected hepatocytes (30) . Biologically, virus clearance is classically characterized by the emergence of anti-HBs antibody (Ab) in the serological profile.
During chronic hepatitis B infection, two clinically important phases can be defined. While the immune tolerance phase is usually characterized by little liver damage and the presence of hepatitis B e antigen (HBe Ag) in the serum, the second phase can be described as more aggressive for the liver, with selection of HBe Ag-negative variants and detection of antiHBe antibody. Ultimately, chronic carriers can be classified as inactive carriers, with little viral replication and anti-HBe antibody and normal liver biochemical markers, or as chronic hepatitis patients, with abnormal liver enzyme levels and higher viral loads (23) .
Notably, several reports have described the persistence of HBs Ag associated with anti-HBs antibodies in 10 to 25% of chronic hepatitis B (CHB) patients (19, 27) . The mechanism underlying the presence of both HBs Ag and anti-HBs antibodies remains unknown, but one possibility could be the selection of immune escape mutants.
The envelope gene of HBV has three open reading frames (ORF), PreS1, PreS2, and S, which code for three proteins, the small, middle, and large HBs Ag, translated from distinct mRNAs. Common to all three proteins, the "a" dominant epitope is located at codon positions 124 to 147 within the major hydrophilic region (MHR) of the S gene. This determinant is one of the main targets of anti-HBs antibodies during the course of the initial immune response in acute hepatitis B.
HBs Ag immune variants with mutations in single or multiple sites of the "a" determinant may emerge as a result of selective pressure on the S protein. Indeed, these escape mutants mainly arise in vaccinated patients or in patients with orthotopic liver transplantation treated with monoclonal or polyclonal antibody to HBs Ag (5, 7, 11) . Some of the common immune escape HBs Ag residue changes include G145R, D144A, P142S, Q129H I/T126N/A, and M133L (36) . Site-directed mutagenesis experiments in which each amino acid was replaced with all other possible residues have since confirmed that the amino acids at positions 141 to 145 are crucial for binding of anti-HBs antibodies induced by the recombinant HBV vaccine (33) . Furthermore, escape mutation in the "a" determinant may also arise in the natural course of HBV infection, resulting in active viral replication and liver disease despite seroconversion to anti-HBs in patients with chronic hepatitis B (1, 13, 25, 28, 38, 39) . Similarly, several reports have identified HBs Ag mutants in serum samples that tested pos-itive for both HBs Ag and anti-HBs (3, 19, 26) . However, the limitations of these former studies were the limited number of clones or patients considered for analysis and the fact that the prevalence of naturally occurring mutations in the "a" determinant remains unknown for CHB patients. As a practical consequence, the detection of anti-HBs associated with S variants in chronic carriers may lead to a misdiagnosis of former hepatitis B virus infection if the diagnostic test fails to detect the mutated HBs Ag. The mechanism underlying the emergence of anti-HBs in chronic hepatitis B patients remains unclear, but one reason might be the selection of HBs Ag immune escape variants. To assess this hypothesis, the variability of the HBV S gene in CHB carriers was determined for patients carrying both HBs Ag and anti-HBs antibodies and patients solely positive for HBs Ag.
MATERIALS AND METHODS
Patients and sera. Eight hundred sixty-six patients are regularly followed in La Pitie-Salpetriere Hospital for CHB, defined by HBs Ag carriage beyond a 6-month period. Although the vast majority of them (91.1%) have not developed detectable anti-HBs antibody during follow-up, 77 patients (8.9%) concomitantly carry both HBs Ag and anti-HBs antibodies. For this study, we tested 26 sera from CHB patients selected on the basis of their anti-HBs antibody status. Selection criteria for patients with both HBs Ag and anti-HBs were mainly focused on anti-HBs titers at least three times above the analytical threshold of the technique (10 mIU/ml) on at least three consecutive visits.
Detection of HBV serological markers. Measurements of HBs Ag, anti-HBs antibodies, HBe Ag, and anti-HBe antibodies were done using standard, commercially available microparticle enzyme immunoassays (HBs Ag V2.0, anti-HBs V2.0, HBe Ag 2.0, and anti-HBe 2.0) (AxSYM assay; Abbott, Rungis, France). HBV DNA viral load quantification was performed using the commercially available Hybrid Capture II Digene (Abbott, Rungis, France) and HBV Monitor Cobas (Roche Diagnostics, Meylan, France) assays.
Extraction and amplification of full-length HBV genome. HBV DNA was extracted from 200 l of each patient's serum, using a QIAmp DNA Blood mini kit (QIAGEN, Les Ulis, FRANCE), and collected in 60 l of water. HBV DNA amplification was done according to the method described by Günther et al., with slight modifications (12) . Briefly, PCR was performed in a 50-l reaction mixture containing 10 l of HBV DNA template, 2 mM MgSO 4 , a 0.2 mM concentration of each deoxynucleoside triphosphate, 60 mM Tris-SO 4 (pH 8.9), 18 mM (NH 4 ) 2 SO 4 , 0.2 M (each) primers P1 (5Ј-CCG GAA AGC TTG AGC TCT TCT TTT TCA CCT CTG CCT AAT CA-3Ј) and P2 (5Ј-CCG GAA AGC TTG AGC TCT TCA AAA AGT TGC ATG GTG CTG G-3Ј), and 1 l of Taq Platinum High Fidelity DNA polymerase (Invitrogen, Cergy-Pontoise, France) on a thermal cycler (PTC-200 DNA engine; MJ Research). After a hot start and denaturation at 94°C for 1.5 min, 45 cycles were run, with denaturation at 94°C for 30 s, annealing at 56°C for 30 s, and elongation at 68°C for 3.5 min.
In case of unsuccessful amplification using the full-length approach, a method was developed to amplify the S protein-encoding gene. A PCR using the specific primers VTS1 (5Ј-TTC TTG GAA CAA GAG CTA C-3Ј) and VT1022 (5Ј-GCA AAG CCC AAA AGA CCC ACA AT-3Ј) under the same conditions as those described above, but with a 1-min elongation time, was performed to amplify the full S gene.
Cloning of full-length HBV genome. Following PCR amplification and electrophoresis, the PCR products were recovered from an agarose gel, purified using a QIAquick gel extraction kit (QIAGEN, Les Ulis, France), and cloned using a TOPO XL PCR cloning kit (Invitrogen, Cergy-Pontoise, France). Plasmids were prepared with Qiaprep 8 Turbo miniprep kits (QIAGEN, Les Ulis, France).
Sequencing of S gene. The nucleotide sequence of the S gene was determined with a BigDye Terminator v3.1 cycle sequencing ready reaction kit and run on an ABI 3100 DNA sequencer (Applied Biosystems, Les Ulis, France). The primers used for sequencing the S ORF are summarized in Table 1 . Sequence analysis was performed with Seqscape software (Applied Biosystems, Les Ulis, France), Clustal software (34a), and Mutation Master software (http://tandem.bu.edu /tools.html). Briefly, genomic sequences obtained for the HBV S gene were compared with all HBV reference sequences used on the NCBI website to genotype HBV (www.ncbi.nlm.nih.gov/projects/genotyping/), as follows (accession numbers are given): subtype A, X02763, X51970, and AF090842; subtype B, D00329, AF100309, and AB033554; subtype C, X04615, M12906, and AB014381; subtype D, X65259 and X85254; subtype E, X75657 and AB03243; subtype F, X69798, AB036910, and AF223965; subtype G, AF160501, AB064310, and AF405706; and subtype H, AY090454, AY090457, and AY090460.
Statistical analysis. Comparisons were performed using the Mann-Whitney or t test for quantitative data. Statistical significance was determined at a P level of Ͻ0.05. Data were analyzed using NCSS 2001 (Kaysville, Utah).
RESULTS

Patient characteristics.
Among the 864 chronically HBVinfected patients monitored at La Pitie-Salpetriere Hospital, 77 (8.9%) have been identified as carrying both HBs Ag and anti-HBs antibodies in consecutive samples. In order to analyze the mechanisms underlying the presence of both HBs Ag and anti-HBs in chronically infected patients, we selected two groups of patients on the basis of their serological status.
Fourteen CHB patients who presented with both HBs Ag and anti-HBs at consecutive visits made up group I, while 12 CHB patients solely positive for HBs Ag represented group II. As classically described, all patients were also positive for other HBV infection markers, such as anti-HBc and HBe Ag or anti-HBe. Importantly, as detailed in Table 2 , the anti-HBs levels of patients from group I were rather high, with a median titer of 81 IU/liter (range, 43 to 512).
The two groups were comparable with regard to their HBe Ag status (9 HBe Ag-positive patients in each group), antiHBe antibody status (6 patients in both groups), and viral load above 6 log copies/ml (10 and 11 patients for groups I and II, respectively). The persistence of an unchanged serological status was also taken into consideration for patient selection, as demonstrated by the median HBs Ag status in follow-ups of 35 and 92 months for patients from groups I and II, respectively. The HBV genotype distributions were heterogeneous in both groups, and two coinfections by different genotypes were observed in group I. Nine patients from group I and eight patients from group II had received treatment for their infections with either interferon or a nucleoside (or nucleotide) analogue. More importantly, two patients from group I and four patients from group II had developed lamivudine resistance, as evidenced by the presence of lamivudine resistance mutations in the polymerase gene.
Sequencing of HBV S region and statistical comparison.
A cloning-sequencing approach was used to study the entire Sencoding gene sequences for patients from each group. Two pairs of primers were designed to allow for amplification of the entire S gene and, due to overlapping ORFs, the N terminus of the polymerase-encoding gene. First, a comparison of all clone sequences from each patient was performed; then, all clone sequences derived from a unique patient were compared to a consensus sequence of the same genotype to identify uncommon residues. In order to standardize our comparison, we have arbitrarily chosen to select as reference sequences those used in the NCBI genotyping tool (www.ncbi.nlm.nih.gov/projects /genotyping/) (31) .
Full-length sequences generated from all of the clones were analyzed, and the percentages of residue substitutions were compared between the two groups (Fig. 1) . The distributions of changes were heterogeneous along the S ORF, and changes were more prevalent for group I than for group II. For simplicity of presentation, the full-length S protein (226 amino acids [aa]) has been hereafter divided into three regions: the N-terminal region (aa 1 to 99), the MHR (aa 100 to 169), which contains the "a" determinant (aa 124 to 147), and the C-terminal region (aa 170 to 226) (34, 35) . The most striking accumulation of residue changes was observed in the region encompassing the "a" determinant. Within this region, the numbers of residue changes for group I were two to four times higher than those for group II.
The overall analysis of the S protein sequences for each patient, independent of the serological status, confirmed the heterogeneous distribution of residue changes. Indeed, the highest frequency of residue changes was observed within the "a" determinant (6.25 mutated residues per 100 amino acids). The MHR (3.74 mutated residues per 100 amino acids) and the C-terminal part of the protein (3.58 mutated residues per 100 amino acids) showed less variability, but slightly more than that of the N-terminal region (2.64 mutated residues per 100 amino acids) ( Table 3) . For statistical analysis, the N-terminal region was taken as the background variability level since it is likely less influenced by immune pressure or antiviral treatment.
Furthermore, a comparison of variability along the S protein indicated a marked difference between patients in groups I and II ( Fig. 1; Table 3 ). When considering the full-length S coding region, the number of mutated residues for group I patients was markedly increased compared to that for group II patients (4.55 versus 1.66 substitutions per 100 amino acids; P ϭ 0.009) (Table 3) . Importantly, the amino acid exchange distribution along the S protein indicated that residue changes occurred mostly within the MHR, at 5.71 versus 1.43 mutated residues per 100 amino acids (P ϭ 0.004) for groups I and II, respectively. This difference was even more striking for the "a" determinant (9.52 versus 2.43 mutated residues per 100 amino acids; P ϭ 0.009) ( Table 3 ). These results indicate that the presence of anti-HBs concomitantly with HBs Ag is associated with an accumulation of mutated residues, mostly, but not only, within the antigenic loops. For the S protein C-terminal 
a Data are means. Anti-HBs titers below 10 IU/liter were considered negative, as recommended by the assay manufacturer. b LAM, lamivudine; ADV, adefovir.
region, the residue change frequencies between groups I and II were comparable (3.88 versus 3.22 substitutions per 100 amino acids; P was not significant). It should be pointed out that this region overlaps the polymerase ORF and was likely affected by resistance mutations induced by antiviral treatments. The accumulation of several residue changes for group I patients within the "a" determinant was also much more frequent than that for group II patients (Fig. 2) . Indeed, 10 patients (71%) from group I and only 3 patients (25%) from group II carried at least two residue changes in the antigenic loops. The accumulation of several residue changes is likely to change the immunogenicity of the protein.
The percentages of MHR variants infecting individual patients were also different between the two groups (Table 4) . Patients from group I were more likely infected by a homogeneous population of clones carrying one or more mutations. Inversely, patients from group II often had a minor population of mutated HBV, with many clones showing no particular mutation. One should point out that for each group I patient, the presence of mutated clones was always associated with the detection of at least one wild-type HBV clone. Interestingly, it was noticed that the same patient could be infected by a mix- ture of HBV strains with several associations of residue changes in the "a" determinant of the S protein.
The most frequent changes observed in anti-HBs patients were located at positions s145, s126, and s129, but changes were also seen throughout loops 2 to 4 of the MHR. Furthermore, only patients from group I had the G145R, Q129N, I/T126 S/N, D144A, and T123N amino acid changes, which are known to alter immunogenicity.
Analysis of polymerase reading frame. For group I patients, the numbers of residue changes between the S and the polymerase reading frames were compared for the overlapping region encompassing the antigenic loops. The frequency of residue changes was less important for the polymerase than for the S reading frame, at 1.92 versus 3.74 substitutions per 100 amino acids (P ϭ 0.003), respectively, and this difference was even accentuated in the "a" determinant (6.25 versus 3.53 substitutions per 100 amino acids; P ϭ 0.001) overlapping region. This difference in residue substitution between the HBs Ag and polymerase reading frames was not significant for group II patients.
The absence of a difference in the C-terminal portion of the S protein with regard to the number of residue changes between patients in groups I and II is likely explained by the influence of resistance mutations detected in the polymerase reading frame. Indeed, two patients from group I and four patients from group II had been treated with lamivudine and had developed lamivudineresistant HBV strains.
DISCUSSION
In contrast to what is usually described as a favorable outcome for CHB, the acquisition of anti-HBs antibody is not systematically associated with the loss of HBs Ag. Indeed, the coexistence of HBs Ag and anti-HBs in chronic hepatitis B virus carriers has been described for 10 to 25% of patients by several authors (19, 27) . In accordance with these studies, the presence of both HBs Ag and antibody was documented in almost 9% of 864 chronic hepatitis B virus carriers followed in our hospital. The mechanism underlying the presence of both HBs Ag and anti-HBs despite viral replication is unknown, but one reason might be the selection of HBs Ag immune variants. Indeed, an accumulation of residue changes in the MHR of the S protein, the main target of anti-HBs, could lead to escape from recognition by the host immune system. Several studies have described point mutations resulting in amino acid changes in the S protein antigenic loops in vaccines and hepatitis B immune globulin recipients (5, 10, 14, 36) . However, HBV escape mutants may also arise naturally in chronic hepatitis B virus carriers due to the sole pressure of the host immune system (13, 19, 22, 25, 26, 28, 39) . This hypothesis is reinforced by the results of our study based on a clonal analysis of HBV strains isolated from CHB patients with (n ϭ 14) or without (n ϭ 12) anti-HBs. It should be stressed that one important criterion for selection of our 14 patients in group I was the detection of high anti-HBs titers in several consecutive samples despite detectable viral replication.
In comparing HBs Ag sequences from both groups, it was striking to notice an accumulation of residue changes in strains from Ag/anti-HBs patients (group I) compared to HBs Agonly carriers (group II). Moreover, the distribution of these amino acid changes was not homogeneous along the protein but, rather, gathered within the MHR, including the highly conformational and cysteine-rich "a" determinant. This antigenic loop region of HBs Ag is described as the main target of the humoral response, and any change of its primary sequence may alter its antigenic structure and would render any antiHBs humoral defense against this region less effective (29) .
Two previous studies using a similar approach, but on a more limited number of patients and clones, have characterized the most prevalent residues affected by such changes (19, 39) . Thus, positions 145, 144, 129, 126, and 130 were the most likely to be modified. The description of these residue changes, particularly the G145R change, is remarkable because these substitutions also correspond to common mutations described for HBV vaccine escape variants or for patients who have been therapeutically administered monoclonal anti-HBs (14, 36) . One should also point out that these very residues are part of MHR loops 3 and 4 and that other residues within these same loops were also affected by additional changes. In our study, the most frequent residue changes in the MHR were observed principally in patients from group I with both markers (71% versus 22% of patients carried more than one mutation), and they mainly included sG145R, sI/T126N/S, sQ129N, and sD144A. Our results are comparable to those observed by Yamamoto et al. and Kohno et al. but included a larger number of patients and clones per patient. It is important that residue changes observed in Ag/anti-HBs patients are not only at these characteristic positions but also throughout loops 2 to 4 of the antigenic loops, but it is difficult to predict the structural and biochemical effects of these amino acid substitutions. Nevertheless, it is likely that residue changes located at position s146, representing an N-glycosylation site, or s147, the location of a disulfide bridge, could alter the immunological properties of the S protein (19, 38) . Altogether, several residue changes within the MHR that are specific to patients carrying both HBs Ag and anti-HBs antibodies need to be further characterized immunologically. Although it seems quite convincing that these changes may alter antibody recognition of the S protein, very little is known about the consequences of such modifications on T-cell epitope recognition. As recently described by Bauer et al. for vaccines, accumulations of changes in CHB patients' T-helpercell epitopes may also alter immune response efficacies and may facilitate virus persistence (4) .
Overall, the accumulation of residue changes in and around the "a" determinant may generate HBs variants with alterations of antigenicity and possibly T-cell epitope structure, leading to a subsequent failure to neutralize HBV (5) . Surprisingly, our results are quite similar to those observed by Weinberger et al., who described a high genetic variability of the "a" determinant region for HBs Ag-negative chronic virus carriers (38) . In the former study, patients were selected on the basis of anti-HBc reactivity, and a comparison was made according to the detection or lack of detection of HBs Ag. Due to different experimental approaches, i.e., direct sequencing in Weinberger's study and clonal analysis in our work, a comparison of the results is difficult. However, our findings underscore an increased protein variability of the MHR in Ag/anti-HBs-positive patients. The amino acid exchanges found by Weinberger et al. in HBs Ag-negative patients were also found in some clones from Ag/anti-HBs-positive patients from our study. In both cases, a very appealing The analysis of group I patients revealed the presence of a viral mixture consisting of the wild type and antigenic loop variants, suggesting that the acquisition of anti-HBs is associated with an emergence of immune escape variants persisting for several years in association with wild-type strains. Our study suggests that the presence of HBs Ag variants would arise naturally in chronic carriers and is likely a viral strategy to evade the immune system. In light of this hypothesis, it is possible that the detectable HBs Ag (as measured by the diagnostic assay) is a mixture of the wild type and variants, whereas the detectable anti-HBs antibodies are targeted against the wild-type viruses. In order to eliminate bias due to the serological assay used for anti-HBs determination and to confirm the specificity of the circulating anti-HBs antibodies for wild-type HBs Ag, all patients' anti-HBs titers were controlled using a second anti-HBs assay (Monolisa anti-HBs Plus; Bio-Rad, France), with very comparable results (data not shown).
The selection of immune escape mutants during the natural history of the disease could have several deleterious consequences. First, the accumulation of mutated residues within the MHR may lead to an absence of HBs Ag recognition by commercially available diagnostic tests. This issue has been largely reported by several authors (9, 37) . Indeed, many assays are unable to detect G145R mutants, and some of them have dramatically decreased sensitivities for the detection of other mutants. The reasons for such failure depend on the type of antibody (monoclonal or polyclonal) and the targeted epitope used in the assays, with some tests being largely affected by mutations within loops 2 to 4 (6, 9, 10, 16, 18) .
Second, the accumulation of HBV carrying MHR mutations in CHB patients with relatively high viral loads raises the problem of transmission of such variants (8, 15) . As previously mentioned, MHR variants may not be fully neutralized by vaccine-induced antibodies, and we are still lacking data on their possible transmission to vaccinated subjects. In light of our data, chronic carriers with both Ag and anti-HBs could be considered potential reservoirs of immune escape variants. Further epidemiological studies are needed to scientifically assess the potential threat of such chronic carriers in areas of high endemicity where infant vaccination has been implemented (15) .
Third, when screening a patient for the presence of vaccineinduced antibodies, it may also be useful to propose at least the detection of HBs Ag since both markers may be present simultaneously. Testing for anti-HBc antibodies may also be a wise strategy.
We also noted that amino acids located at positions 122 and 160, which determine the d/y and w/r subtypes of HBs Ag, were completely conserved (2) . Indeed, amino acid substitutions located at these positions result in changes of the HBs Ag subtype (32) . Thus, we may observe over time in the same patient a co-occurrence of HBs Ag particles of a certain subtype and anti-HBs with specificity for another subtypic determinant not borne by the circulating particles. Indeed, for patient 3 (P3) belonging to group I, no amino acid substitutions were evidenced in any of the tested clones, despite the presence of anti-HBs. As recently demonstrated, it is possible that in this particular case the detected antibodies targeted a previously present serotype; however, this hypothesis could only be ruled out by a longitudinal study over time on serial samples from the same patient (24) . This mechanism could be another way for HBV variants to persist in spite of immune pressure (19, 28) .
Although it was not possible to thoroughly assess the natural history of the disease in this study, the coexistence of HBs Ag and anti-HBs does not seem to affect disease evolution. However, a larger study without selection bias linked to ethnicity, duration of infection, age at infection, and genotype would be needed to specifically address this issue. In light of the recently described selection of a secretion-incompetent variant by Kalinina et al., one may wonder if MHR variants are associated with certain forms of disease (17) .
The selection process leading to the emergence of HBs variants could therefore be compared to the well-described selection of HBe-negative variants over the course of chronic hepatitis B virus carriage.
